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Starch is a polysaccharide that serves as a supply of energy in plants in the form of semicrystalline starch granules which are insoluble in water at normal temperatures. Starch is composed of two polymers of d-glucose, normally 20-30% of amylose with linear structure and 70-80% of branched amylopectin.
The properties and synthesis of starch-based nanoparticles have been extensively studied in recent years due to great interest in biomedical applications, e.g., their use as drug delivery carriers. Nanocarrier drug delivery systems can increase drug solubility and lead to controlled release and/or drug targeting.
Another industrial application is in their employment as filler in food packaging, as they are environmentally friendly because the amount of required plastics would then be reduced. One of the advantages of food packaging with bioactive materials is the possibility to use them for nanoencapsulation, which permits the controllable release of active compounds. Furthermore, they can help control oxidation of foodstuffs and prevent the formation of off-flavours and undesirable food textures (Sozer & Kokini 2009 ). According to Li et al. (2014) starch nanocrystals prepared from waxy maize starch could adsorb at the oil-water interface to stabilize oil-in-water emulsions containing liquid paraffin with high coalescence stability.
Under specific conditions, amylopectin can be debranched in the presence of debranching enzymes e.g. pullulanase. The chain length distribution of the debranched amylopectin is strongly related to its crystalline structures and influences temperature sensitivity, which differs from species to species. Angellier et al. (2004) used acid hydrolysis of waxy maize starch granules in order to optimize the preparation of aqueous suspensions of starch nanocrystals.
An important property of the starch nanoparticles is their crystallinity. Respectively, the A-and https://doi.org/10.17221/371/2017-CJFS B-type starches with relatively short and long chains are less sensitive to temperature than the C-type starches, and they maintain their own crystalline structures even when subjected to a relatively large temperature change (Hizukuri 1985) . Native starch granules may give A-, B-, C-, and V-type X-ray diffraction patterns. The A-type crystalline structure is characteristic of cereal starches, where hydrogen bonds between hydroxyl groups of the amylopectin chains lead to the formation of an outer double helix, whereas the B-type structure is found in potato starch where the amylopectin chains form a closed circle, with water molecules inside the cavity (Hizukuri 2006) . The C-type polymorph is a mixture of the Aand B-type polymorphs and occurs in some tuber and legume starches (Bogracheva et al. 1998) . The V-type diffraction pattern occurs in fully ungelatinised starch granules; for example, it is characteristic of amylose bound in different complexes, or it can be induced by thermal and wet processing (18-45% humidity, 90-130°C) like in the extrusion process (Biliaderis 2009).
MATERIAL AND METHODS
Material used for the preparation of nanoparticles consisted of native wheat starch supplied by the Amylon Havlíčkův Brod starch company (Czech Republic) and maize waxy starch supplied by Roquette Italia S.P.A. Pullulanase Optimax L-1000 (E.C.3.2.1.41, 1000-1260 ASPU/g) was provided by Genencor (Belgium).
Preparation of starch nanoparticles by the acid hydrolysis method. A mixture of 117.5 g of wheat or waxy maize starch and 800 ml of sulfuric acid 3.16 mol/l was placed in a reactor submerged in an oil bath and heated to a temperature of 40°C with a stirring speed of 100 rpm. After 7 days the reaction was stopped, and the suspension was washed with distilled water by successive centrifugation at 5000 rpm (2236 g) for 10 min until neutralization was achieved. The final suspension was refrigerated at 6°C for one week (Angellier et al. 2004) .
Preparation of starch nanoparticles by enzymatic treatment with pullulanase. A suspension of 5% w/v of starch in a sodium acetate buffer (pH 4.5) was prepared and heated at a temperature of approximately 80-90°C with constant stirring within 15 minutes. After the heating process, the suspension was transferred to an autoclave and incubated at 121°C for 60 min, where the process of starch gelatinization took place.
After gelatinization, the suspension was cooled and 1 ml of pullulanase (1000 ASPU/g of dry starch) was added at 55°C. After 24 hours the reaction was stopped and the suspension was put into a boiling water bath for 30 min to deactivate the enzyme, followed by 2 h spontaneous cooling to laboratory temperature. Subsequently, the samples EM1, EM2 and EM3 were stored in the refrigerator at 4°C. The samples were repeatedly treated as follows:
EM1: refrigeration (4°C, 24 h), autoclaving (121°C, 60 min), cooling to laboratory temperature (2 h), refrigeration (4°C, 24 h); EM2: refrigeration (4°C, 48 h), autoclaving (121°C, 60 min), cooling to laboratory temperature (2 h), refrigeration (4°C, 48 h), autoclaving, cooling (2 h), refrigeration (4°C, 48 h), autoclaving, cooling (2 h), refrigeration (4°C, 24 h); EM3: refrigeration (4°C, 72 h), autoclaving, cooling to laboratory temperature (2 h), refrigeration (4°C, 72 h), autoclaving, cooling (2 h), refrigeration (4°C, 72 h), autoclaving, cooling (2 h), refrigeration (4°C, 24 h).
Morphology and average particle size. The starch nanoparticle suspension, observed using a transmission electron microscope (TEM) operating at 100 kV, was further diluted to a 0.2% concentration, and then ultrasonic treatment was applied for 5 min prior to brief sonication by needle, which considerably reduced the aggregation of the nanoparticles. Subsequently, the suspension of starch nanoparticles was deposited onto a glow discharged carbon-coated microscopy grid and allowed to partially dry. The excess liquid was immediately blotted with filter paper and the remaining film was negatively stained for 2-3 min with a drop of 2% (w/v) aqueous solution of uranyl acetate for observation and photographing.
X-ray diffraction. The crystalline structure of the starch nanoparticles was analysed using an X'Pert Pro θ-θ powder diffractometer (PANalytical, The Netherlands) with parafocusing Bragg-Brentano geometry using Cu radiation (U = 40 kV, I = 30 mA). Data evaluation was performed by the HighScore Plus software package.
RESULTS AND DISCUSSION
Starch nanoparticles created by using the acid hydrolysis method. TEM was used to examine the morphology of the wheat and waxy maize starch after 7 days of acid hydrolysis, as well as to examine the waxy maize starch debranched by pullulanase under different conditions of recrystallisation.
https://doi.org/10.17221/371/2017-CJFS After the acid-treatment process, the starch granules were destroyed and degraded to nanoparticles with the size range of 30-80 nm (Figure 1 ), which coincides with the results published by Chen et al. (2008) .
Starch nanoparticles obtained after enzymatic treatment with pullulanase. Waxy maize starch nanoparticles had globular shapes with diameters of approximately 5-25 nm (Figure 2) . The results were similar to those of Qiu et al. (2016) .
As can be seen in the TEM images of starch nanoparticles (Figure 3) , most of the SNP showed irregular shaped particles as platelets of 15-45 nm that were well-dispersed without aggregation.
The formation of nanoparticles was mainly due to the recrystallisation of linear glucans after the enzymolysis of native starch. The linear glucans were easily susceptible to retrogradation. Therefore, the formation process of the SNP through crystallization consisted of two steps: firstly, associating linear glucans into double helices and forming clusters with hydrogen bonds; and secondly, the rearrangement of clustering into the SNP .
X-ray diffraction pattern. The X-ray diffraction patterns characteristic of native waxy starch and EM samples are presented in Table 1 . Native waxy starch showed a typical A-type crystalline structure, with peaks at 2θ of about 15, 17, and 23°. This observation is in agreement with the data of Cai and Shi (2010) . All EM samples displayed a typical V-type crystalline structure with main diffraction peaks at 2θ of 19 and 22°.
Similar findings were also previously reported by Kim and Lim (2009) , who found that the SNP prepared by complex formation with n-butanol and enzymatic hydrolysis exhibited a V-type XRD pattern with four sharp reflections at 2θ = 7.4, 13.1, 19.8, and 22.5°. As shown in Figure 4 , the crystallinity of the EMx samples obviously decreased compared to their native counterparts, indicating that a more amorphous crystalline structure was formed after the pullulanase hydrolysis (Liu et al. 2015) .
Pullulanase can selectively cleave 1,6-α-d-glycosidic bonds, leading to the formation of short linear glucan chains. After the pullulanase hydrolysis, the contents of short linear glucan chains visibly increased in all of the starch samples.
XRD patterns of the native starch and the acid hydrolysed starch nanoparticles are shown in Figure 5 . Native starches showed the typical A-and V-patterns of crystalline structure as reported. Waxy and normal maize starches exhibited diffraction peaks at Bragg angles (2θ) of 15, 17 and 23° representing the A-type crystalline structure, whereas the peak at 19.9° represents the V-type crystalline structure.
For waxy maize starch, a weak peak appeared at 19° (2θ), which was characterised as a V-type crystal. The nanoparticles of the WK1 maize starch showed a slight increase in peak intensity, mainly in characteristic peaks of A-type crystalline structure, including the mean peak that characterises a V-type crystal. The main diffraction peaks at 17° and 23° (2θ) of the waxy maize starch still remained after acid hydrolysis (Kim et al. 2012) .
Acid hydrolysis may increase the degree of crystallinity because it is assumed to preferentially cleave the starch chains situated in the amorphous regions (Kim et al. 2013) .
The relative crystallinity and the type of diffraction pattern of native waxy maize starch and the SNP are summarized in Table 2 .
Compared with native starch, the relative crystallinity of starch after the acid hydrolysis increased, but the crystallinity of the waxy starch after the enzymatic hydrolysis decreased. One way to increase the crystallinity of starch after debranching the amylopectin bonds by enzyme hydrolysis is through its recrystallisation .
The crystallinity was evaluated using a method based on the intensity of the heights of the relevant peaks by searching for their local minima. The latter were interconnected by a straight line on which the intensity of the peak height was measured. The sample values were compared with the main responses of the RTG wheat starch and the RTG waxy starch using the following Equation (1): Figure 3 . Transmission electron microscopic images and the particle size of platelets 
where: D c -degree of crystallinity; h sam /h x -ratio of the sample response height to the response of native wheat starch or waxy starch (Šárka et al. 2011) 
CONCLUSIONS
This study indicated that the short-chain amylose obtained by hydrolysis with pullulanase presented mainly the V-type crystallinity, and its crystallinity was less resistant than that of the starch nanoparticles obtained by acid hydrolysis. The recrystallisation increased the crystallinity of the nanoparticles. However, the longer the recrystallisation period (48 and 72 h), the lower the number of crystals obtained. Thanks to the relatively high crystallinity of the starch nanoparticles obtained by acid hydrolysis, they can withstand high temperatures encountered in food processing because they are highly stable. The granular structure of C-type pea starch and its role in gelatinization. Biopolymers, 45: 323-332. . X-ray diffraction of native waxy maize starch and short-chain amylose EM1, EM2 and EM3 after recrystallisation
